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Abstract— Walking robot is one type of mobile platform that 
has locomotion type "walking." DOF (Degree of Freedom) is 
one of essential character for the design of robot mechanism 
based on its models. Legs are the critical parts of the walking 
robot structure. The legged robot is the walking robot 
biologically adopted from animal or insect behavior, especially 
in their walking routine. The hexapod robot is one of the most 
statically stable legged robots and has high flexibility when 
standing or moving which supported by six legs that can be 
easily manipulated. For modeling needs and its validation, it is 
desirable to control each DOF in the space of Cartesian 
coordinate although motor system needs the reference inputs in 
the joint space. In this case, it needs to know the conversion 
between Cartesian and joint space, inverse, and forward 
kinematics. This study presents a kinematic model of the 2-DOF 
hexapod leg. This study aimed to build a kinematic model of the 
2-DOF hexapod leg using an analytical approach. Analytically, 
the working mechanism of the robot can be modeled using 
forward and inverse kinematic models. In this method, this 
modeling is derived mathematically from the projection analysis 
of the movement in a certain coordinate space. The model 
validation was performed using the MATLAB tool and the 
Robotic Toolbox. The results of this study showed that the 
results of the inverse kinematic process have the same output 
signal pattern compare to the input signal pattern of the 
forward kinematic process. 
Keywords— Degree of Freedom, 2-DOF hexapod leg, 
kinematic model analytical approach  
I. INTRODUCTION  
Mobile Manipulator (MM) is a concept to extend the 
workspace of robot manipulators that can be deported on 
mobile platforms. The use of mobile platforms overcomes the 
problem of limited workspace. Mobile platforms classified 
by their type of locomotion (crawling, walking or rolling), 
their speed or their maximal payload. Mobile robots are 
sorted by numerous criteria. [1]. The first classification of 
mobile robots considers the environment in which they are 
supposed to evolve such as aerial [2-9], terrestrial [10-14], 
marine [15-17] or submarine [18-23]. 
Walking robot is one type of mobile platform that has 
locomotion type "walking." Legs are the critical parts of the 
walking robot structure. The legged robot can explore rugged 
terrain with obstacles and rocks that are hard to do with the 
wheeled robot. Design of robot mechanism based on the types 
of mechanisms primarily determined several basic characters 
such as the degree of freedom (DOF), workspace, etc. A 
specific type synthesis method for designing of walking robot 
legs is one of the powerful tools for improving the operating 
performance [24]. The legged robot is biologically inspired 
by animal or insect behavior, especially in their walking 
behavior. A hexapod robot is a robot that moves to utilize six 
legs. Statistically, robots remain stable by using 3 legs or 
more; hence, a hexapod robot has high stability and 
flexibility. In the case of the faulty leg, the possibility of the 
robot to move remains [25]. A gait defined as the locomotion 
through the movement of robot legs. The legged chassis 
commonly has more than two legs, so the locomotion of a 
robot is much more complicated. There are several basic 
gaits, such as a tripod, wave or ripple. A wave/ripple gait used 
for a slowly walking while a tripod gait used for a faster 
walking [26]. 
Each gait of hexapod has a sequence of joint angle steps 
that make the hexapod move from one position to another. 
This setting can be done with a lookup table method that is 
computationally easier. However, this method does not 
provide flexibility in moving. In this case, every position shift 
must be controlled starts with controlling each hexapod 
footrest position. One approach is to use a mathematical 
formulation or reversed kinematics model by ignoring other 
mechanical friction factors or losses [27]. Kinematic 
modeling of hexapod has the widely researched robotic 
machining challenges which translated to achievable 
tolerance ranges in real-world production for the general 
purpose of applications [28]. For modeling needs and its 
validation, it is desirable to control each DOF in the space of 
Cartesian coordinate although motor system needs the 
reference inputs in the joint space. In this case, it needs to 
know the conversion between Cartesian and joint space, 
inverse, and forward kinematics. Forward kinematics gives 
the position of hexapod for the given joint angles. Inverse 
kinematics is employed to reach the desired position of the 
hexapod [29]. There are much research has been done about 
kinematic models of robotic systems for various purposes 
[20, 29-34]. 
This study presents a kinematic model of the 2-DOF 
hexapod leg. This study aimed to build a kinematic model of 
the 2-DOF hexapod leg using an analytical approach. Model 
validation has done using the MATLAB tool and Robotic 
Toolbox. 
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II. MATERIALS AND METHOD 
In the context of the design of a robot, the analytical 
approach is a fact-based method to understand how the 
working mechanism of a robot behaves in a particular 
workspace. Analytically, the working mechanism of a robot 
can be modeled using a forward and inverse kinematic model. 
This modeling is derived mathematically from movement 
projection analysis within a particular coordinate space. 
Forward and inverse kinematics is the necessary method for 
the hexapod leg mechanism to determine where for hexapod 
robot starts from each leg. The forward kinematic finds 
geometric parameters from the tip of the leg (position on 
Cartesian coordinate space X, Y, Z) based on the rotation 
angle of the joints of each leg. The inverse kinematic finds 
the rotation angle of the joints of each leg based on the given 
geometry parameters. 
Because hexapod is in a particular workspace, in principle 
the motion mechanism of each leg can be viewed separately. 
Furthermore, the integration of all kinematic models of each 
leg can be used to build a complete hexapod kinematic model. 
This section presents the kinematic modeling of 2 DOF 
hexapod legs by using an analytical approach 
A. 2-DOF Hexapod Leg 
Workspace planning is essential for the design of a legged 
robot especially concerning the adoption of selected animal 
or insect behavior. Generally, the hexapod design uses 
workspaces in the form of Cartesian or Radial coordinate 
systems or transformations between them. The hexapod robot 
is a robotic system that consists of a rigid body and six legs 
with 2-DOF while each leg has the same structure. Each DOF 
is represented by a joint that is commonly driven by a servo 
motor, and other types of drivers and actuators depend on the 
design objectives. The physical model of the hexapod robot 
shown in Fig. 1. Commonly, the body structure and hexapod 
legs positions are designed in such a way by referring to the 
division of quadrants from a full circle angle. In this way, the 
kinematic modeling of each leg can be done separately. It 
aims for ease in making of kinematic models. 
 
Fig. 1. The hexapod robot (top view) 
If the tip of each hip leg is at the origin of the Cartesian 
coordinates, then it can be described as shown in Fig. 2. 
Positions of leg 1 to 4 are in quadrant 1, quadrant 2, quadrant 
3, and quadrant 4, respectively. Especially for the positions 
of leg 5 and six are between quadrants 4 and 1 and quadrants 
2 and 3, respectively. In principle, each leg is in the same 
workspace shape, only different reference to its original point 
if combined. For this reason, the kinematic analysis of each 
hexapod leg displacement can be performed on the same 
workspace in Cartesian coordinates. 
 
Fig. 2. Workspace of all hexapod legs in Cartesian coordinate 
In this study, the kinematic analysis was performed using 
quadrant 1. Each leg consists of the coxa and tibia parts. Each 
of these parts has joints. Their joint rotation represents their 
displacement. For each displacement of the joint rotation was 
described by using a different Cartesian coordinate plane. 
The angle rotation of the tibia part presented in the XZ plane 
while the angular rotation of the coxa part displayed in the 
XY plane. The physical model of 2-DOF hexapod leg shown 
in Fig. 3. The joint rotation of the coxa part denoted by 𝑧0and 
joint rotation of the tibia part denoted by 𝑧1. 
 
 
Fig. 3. Physical model of the hexapod leg: (a). top view (XY plane); (b). 
side view (XZ plane) 
The position of the tip of the leg denoted by 𝑃(𝑥, 𝑦, 𝑧). 
The position of point P against the XYZ plane determined by 
the angle 𝜃1and 𝜃2 mathematically expressed by: 
 𝑃(𝑥, 𝑦, 𝑧) = 𝑓(𝜃1, 𝜃2) (1) 
 
where 𝜃1 is the coxa angle and 𝜃2 is the tibial angle 
B. Kinematic Analysis 
Referring to Fig. 3, the coordinate system of the leg joints 
can be illustrated by the vector form as shown in Fig. 4. Point 
P can also be obtained by summing the vectors formed by the 
coxa and tibia parts, which can be expressed by: 
 𝑃(𝑥, 𝑦, 𝑧) = 𝑙1⃗⃗  + 𝑙2⃗⃗   (2) 
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Fig. 4. The coordinate system of the leg joints: (a). XY plane; (b). XZ plane 
In the XY plane, R is the vector connecting the point P 
with the origin. R is the sum of the vectors of 𝑙1⃗⃗   and a where 
a is the projection result of  𝑙2⃗⃗    toward R. In this case, 𝑙1⃗⃗   and 











2(𝑥2, 𝑦2 , 𝑧2) {
𝑥1 = 𝑎. 𝑐𝑜𝑠𝜃1
𝑦1 = 𝑙1. 𝑠𝑖𝑛𝜃1
𝑧1 = 𝑙2. 𝑠𝑖𝑛𝛼
 (4) 
 
Assuming that 𝜃2 has a movement of 90
o, then: 
 𝛼 = 90 − 𝜃2 𝑎 =𝑙2. 𝑠𝑖𝑛𝛼 (5) 
By substitutions (3) and (4) to (2) then obtained: 
 𝑃(𝑥, 𝑦, 𝑧) = (𝑥1, 𝑦1 , 𝑧1) + (𝑥2, 𝑦2 , 𝑧2) (6) 
                       = (𝑥1 + 𝑥2, 𝑦1 + 𝑦2, 𝑧1 + 𝑧2)  
Whare  
 𝑥 = 𝑙1𝑐𝑜𝑠𝜃1 + 𝑎. 𝑐𝑜𝑠𝜃1 
    = 𝑙1𝑐𝑜𝑠𝜃1 + 𝑙2. 𝑠𝑖𝑛(90 − 𝜃2). 𝑐𝑜𝑠𝜃1 
𝑦 = 𝑙1𝑠𝑖𝑛𝜃1 + 𝑎. 𝑠𝑖𝑛𝜃1 
    = 𝑙1𝑠𝑖𝑛𝜃1 + 𝑙2. 𝑠𝑖𝑛(90 − 𝜃2). 𝑠𝑖𝑛𝜃1 












𝑐𝑜𝑠𝜃1 𝑠𝑖𝑛(90 − 𝜃2). 𝑐𝑜𝑠𝜃1 0
𝑠𝑖𝑛𝜃1 𝑠𝑖𝑛(90 − 𝜃2). 𝑠𝑖𝑛𝜃1 0








Equation (8) is used to determine the position in the 
Cartesian coordinate based on its angular rotation (Forward 
Kinematic). Inverse kinematics is employed to reach the 
desired position of the hexapod leg. In this case, the angle 
value of the joint based on the desired position expressed by: 





Referring to Fig. 4 (b), as a result of angular movement 
𝜃2, there will be 𝑙1⃗⃗   𝑙2⃗⃗   p triangle as shown in Fig. 5. By using 
trigonometric rules, the magnitude of vector p expressed by: 
 |𝑝|2 = 𝑙1
2 + 𝑙2
2 − 2𝑙1𝑙2. 𝑐𝑜𝑠𝛽 (10) 







|𝑝|2 = 𝑥2 + 𝑦2 + 𝑧2 
(11) 
Thus, variable 𝜃2 can be stated by: 
 𝜃2 = 180 − 𝛽 (12) 
 
 
Fig. 5. The 𝑙1⃗⃗   𝑙2⃗⃗  𝑝 triangle 
III. RESULTS AND DISCUSSION 
Testing of the kinematic model of the 2-DOF hexapod leg 
has been made perform by using MATLAB programming 
and Robotic Toolbox tools. Suppose 𝜃1=0, 𝜃2 =
30°,𝑙1=10,𝑙2=5, then by using (8) obtained 𝑃1(𝑥, 𝑦, 𝑧) = 
(14.3301, 0, -2.5) as shown in Fig. 6. If 𝜃1 is rotated for 20°, 
then the position of the tip of leg moves to 












































Fig. 7. The position of the tip of leg (P2) by 𝜃1 = 20
0, 𝜃2 = −30
0, 𝑙1 =
10, 𝑙2 = 5 
 For the inverse kinematic model, the two positions 
(𝑃1 and 𝑃2) used as input parameters to obtained 𝜃1 and 𝜃2 
by using (9) – (12). By the same parameters, the test results 
using Robotic Toolbox was shown in Fig. 8 and Fig. 9 
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Fig. 8. The testing results using Robotic toolbox with 𝜃1 = 0, 𝜃2 =
−300, 𝑙1 = 10, 𝑙2 = 5 
 
Fig. 9. The testing results using Robotic toolbox with 𝜃1 = 20
0, 𝜃2 =
−300, 𝑙1 = 10, 𝑙2 = 5 
 
Fig. 10. The Simulink model for test the built kinematic model 
 Testing was also done by using Simulink MATLAB to 
know the response of the built kinematic model by variation 
of angle rotation. The model used as shown in Fig. 9. The 
input signal in the form of angular change is generated by 
using the Signal Builder where 𝜃1 within the range 
{00 …200} and 𝜃2 within the range {−90
0 …−500}. The 
movement planning was shown in Table 1 while their input 












description 𝜃1 𝜃2 
1 0 Start point 00 -900 
2 0 - 2 No movement 00 -900 
3 2 - 7 coxa part no movement 
tibia part move as far as 400 
00 -500 
4 7 - 11 coxa part move as far as 200 
tibia part no movement 
200 -500 
5 11 - 15 coxa part no movement 
tibia part no movement 
200 -500 
6 15 - 20 coxa part move as far as -200 
tibia part move as far as -400 
00 -900 




From Fig. 11 indicates that the input signal was given 
alternately up to t = 11 sec. At time t = 11 - 15 sec there was 
no change of input signal, whereas between t = 15 - 20 sec 
given the input signal simultaneously. These input signal 
patterns were used to perform the forward kinematic process. 
The results of this process were shown in Fig. 11. The result 
showed that the angular change of 𝜃2 within t = 2 – 7 sec only 
affects the displacement of its position in the XZ plane while 
the angular change of 𝜃1 within t = 7 – 11 sec only affects the 
displacement of its position in the XY plane. For the given 𝜃1 
and 𝜃2 signals simultaneously affect the displacement of its 
position simultaneously both in the XY plane and in the XZ 
plane. From the results of this forward kinematic model has 
proved that the input signal pattern planning was very 




Fig. 11. The planned input signal pattern of the forward kinematic process 
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Fig. 12. The position changes of tip of leg 
Each position of the tip of leg as shown in Fig. 12 was 
then used to perform the inverse kinematic process. The 
results of this process were shown in Fig. 13. The output 
signal generated from the inverse kinematic process as shown 
in Fig. 12 has the same pattern as the input signal generated 
using the signal builder as shown in Fig. 11. This indicates 
that the mathematical model that has been made has 
successfully represented the kinematic process of the 
hexapod leg. Visually, the result of kinematic inverse process 
was shown in Fig. 14 
 
. 






Fig. 14. Visualization of the results of the inverse kinematic process 
IV. CONCLUSION 
 Because the hexapod design uses workspaces in the form 
of Cartesian coordinate, in principle the motion mechanism 
of each leg can be viewed separately based on the quadrant 
position of each leg.  In this study, the kinematic analysis was 
performed using quadrant 1. The kinematic model of 2 DOF 
hexapod legs has presented in this study with an analytic 
approach. The results of this study showed that the results of 
the inverse kinematic process have the same output signal 
pattern compare to the input signal pattern of the forward 
kinematic process. In fact, a kinematic inverse model is used 
to obtain the coxa and tibia angles of the hexapod leg to move 
on the desired position. The coxa and tibia angle will be used 
as input signal for driver or actuator of each joint. 
For further study, the all kinematic model of each hexapod 
leg needs to be integrated into the same workspace to obtain 
a complete hexapod kinematic model. 
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